Waterlogging limits plant growth and yield. We investigated the effects of waterlogging stress on leaf photosynthesis, chlorophyll fluorescence, antioxidant capacity, chloroplast ultrastructure, and yield of sorghum (Sorghum bicolor L.). Two sorghum cultivars, Jinuoliang01 (JN01, waterlogging-tolerant cultivar) and Jinza31 (JZ31, waterlogging-sensitive cultivar) were subjected to a 12-d waterlogging treatment; the plants of the two cultivars which were not subjected to waterlogging were used as control (CK), respectively. After waterlogging treatment, the yield of JZ31 and JN01 decreased by 72.3 and 52.9%, the net photosynthetic rate of JZ31 and JN01 decreased by 61.8 and 39.0%, respectively, compared with CK. The chlorophyll content was higher, PSII was more stable, and chloroplast structure remained more intact in JN01 than that in JZ31 under waterlogging. This was due to the higher peroxidase and catalase activities and nonphotochemical quenching in JN01 compared to JZ31. Therefore, greater antioxidant capacity and nonphotochemical quenching could alleviate damage to PSII and chloroplast ultrastructure to maintain higher net photosynthetic rate under waterlogging. This may be an important waterlogging-tolerance mechanism of sorghum. rate; ETR -electron transport rate; F0 -minimal fluorescence; F0' -minimal fluorescence of the light-adapted state; Fm -maximal fluorescence; FM -fresh mass; Fm' -maximal fluorescence of the light-adapted state; Fs -steady state fluorescence yield; Fv/Fm -maximum photochemical efficiency of PSII;
Introduction
Some studies have predicted that global climate change will increase the frequency and amount of precipitation and waterlogging will become a more serious problem worldwide (Wright et al. 2017) . Waterlogging limits plant growth and development, resulting in a reduction in grain yield for crops in Asia and many other parts of the world (Setter and Waters 2003) . It is estimated that 10% of irrigated areas are affected by waterlogging, which can decrease crop production by up to 20% (Shabala 2011) . The areas most prone to waterlogging are low-lying areas with poor drainage. Because sorghum is strongly stress resistant, it is usually grown on marginal lands such as riparian fields or low-lying areas. When these areas are affected by heavy rainfall or overflow, sorghum is subjected to waterlogging stress. Waterlogging severely restrains sorghum growth and significantly decreases its yield (Promkhambut et al. 2010) . Thus, it is desirable to plant waterlogging-tolerant sorghum cultivars in these regions.
Waterlogging leads to various changes in the morphology, physiology, and anatomical structure of crop plants (Arguello et al. 2016 , Herzog et al. 2016 . Photosynthesis is sensitive to waterlogging. Waterlogging usually causes stomatal closure, thereby preventing gas exchange and decreasing the photosynthetic rate (Pereira et al. 2014 , Yu et al. 2015 , Zhu et al. 2016 . Promkhambut et al. (2010) reported that a long-term waterlogging caused a great reduction in the biomass production of sweet sorghum due to reduced PN, gs, and E. Waterlogging can also result in decreased activity of photosynthetic enzymes (Lin et al. 2016) , changes in chloroplast structure (Ren et al. 2016) , damage to the photosynthetic reaction center (Zheng et al. 2009 ), and decreased chlorophyll (Chl) content (Bansal and Srivastava 2015) . These nonstomatal factors severely inhibit photosynthesis under waterlogging. In addition, PSII is impaired and its maximum photochemical efficiency, represented by Fv/Fm, is decreased under waterlogging (Shao et al. 2013 ). This affects electron transport and changes the amount of light energy directed into organic synthesis, resulting in lowered effective quantum yield of PSII photochemistry (ФPSII), lower electron transport rate (ETR), and a lower photochemical quenching coefficient (qP) value (Mathobo et al. 2017) . Ultimately, waterlogging restrains photosynthesis, decreases biomass accumulation, and reduces grain yield. However, very little is known about photosynthetic characteristics in sorghum under waterlogging stress from the perspective of activities of PSII and chloroplast ultrastructure.
Chloroplasts are important reaction sites of photosynthesis and their structures are sensitive to abiotic stress (Zhao et al. 2001 , Shao et al. 2016 . Previous studies have reported that waterlogging results in the destruction of chloroplast structure (Ren et al. 2016 , Zhou et al. 2018 . Chloroplasts are the main source of reactive oxygen species (ROS) and are easily attacked by excess ROS (Luan et al. 2018) . To alleviate oxidative stress, plants have evolved a series of mechanisms to reduce ROS accumulation. Redundant electrons in the photosynthetic electron transport chain can be dissipated via the xanthophyll cycle, which protects the photosynthetic center against destruction by excess energy (Jahns and Holzwarth 2012) . Plant cells also have an enzymatic antioxidant system comprising superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). This antioxidant system can efficiently reduce the ROS contents, thereby protecting cells from oxidative injury. Some studies have shown that the activity of antioxidant enzymes can increase under waterlogging (Yin et al. 2009 ), while others have found decreased antioxidant enzyme activity in waterlogged plants (Tan et al. 2008) . Thus, the capacity to scavenge ROS, the dynamic pattern of ROS generation during waterlogging, and their relationship with photosynthesis are areas of interest.
The aim of this study was to explore the changes in sorghum under waterlogging stress, and the relationship between photosynthesis and antioxidant metabolism. We evaluated changes in photosynthetic characteristics, Chl fluorescence, antioxidant enzyme activity, and chloroplast ultrastructure in waterlogging-resistant and waterloggingsensitive cultivars during and after a waterlogging treatment. The results of this study illustrate the changes in photosynthesis and antioxidant activity in sorghum cultivars with different degrees of waterlogging resistance. These results may be used to develop a functional approach to improve the performance of sorghum under waterlogged conditions.
Materials and methods
Experimental design: The experiment was carried out in 2017 at the Shenyang Agricultural University, China. The experimental materials were cultivars that are currently cultivated in China. We screened and identified sorghum cultivars in 2016, and a comprehensive evaluation of agronomic characteristics showed that JN01 is a waterlogging-tolerant cultivar and JZ31 is waterloggingsensitive cultivar. These two cultivars were used as the experimental materials in this study. On 10 May, seeds of both cultivars were sown in pots (0.30 m high, 0.33 m in diameter). Each pot had three holes in the bottom to allow drainage of excessive water. Each pot was filled with 19 kg of soil. The soil was loam with the following properties: 30.82 g(organic matter) kg -1 , 114.52 mg(alkali-hydrolysable nitrogen) kg -1 , 8.94 mg(available phosphorus) kg -1 , and 102.93 mg(available potassium) kg -1 . There were four treatments: (1) CK-JN01: JN01 was well-watered;
(2) CK-JZ31: JZ31 was well-watered; (3) WL-JN01: JN01 suffered from waterlogging stress; (4) WL-JZ31: JZ31 suffered from waterlogging stress. The experiment had a completely randomized design. The pots were randomly placed in the field. The seedlings' shoots had emerged by 17 May and were thinned to one plant per pot. The waterlogging treatments were started on 20 June, when all plants had five fully expanded leaves. Each pot containing a sorghum plant was placed in another pot without holes in the bottom and the water level was maintained at 3 cm above the soil surface. The two cultivars had its own control (CK); the CK group was irrigated normally and kept the soil moisture at 75-80% of saturated water-holding capacity with soil moisture meter (TDR100, Spectrum, USA). Each treatment had 30 replicates. At 0, 3, 6, 9, and 12 d of the waterlogging treatment, the photosynthetic and physiological parameters were measured.
Gas-exchange parameters were measured using LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA). On each plant, a new fully expanded leaf was selected and marked for measuring gas-exchange parameters before the waterlogging treatment. The gasexchange rate was measured in a controlled chamber (2 × 3 cm) in which the CO2 concentration was 385 ± 5 µmol mol -1 and the relative humidity was 65 ± 3%, with PPFD of 1,600 µmol m -2 s -1 . The net photosynthetic rate (PN), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 concentration (Ci) were measured at the same time at 3-d intervals during the waterlogging treatment. All measurements were conducted between 10:00-11:00 h local time.
Chl fluorescence parameters were measured using a Junior-PAM portable chlorophyll fluorescence meter (Walz, Effeltrich, Germany), which was connected to a computer with WinControl-3 software for processing data. The measurement method was that described by Hazrati et al. (2016) , and measurements were conducted on the same leaf used to measure gas-exchange parameters. Before measurement, the leaf was dark-adapted for 30 min. The minimal fluorescence (F0) was measured under very low light [< 0.1 μmol(photon) m -2 s -1 ]. The maximal fluorescence (Fm) was measured under a saturation pulse [10,000 μmol(photon) m -2 s -1 , pulse time of 0.7 s]. The minimal fluorescence of the light-adapted state (F0'), the maximal fluorescence of the light-adapted state (Fm') and the steady-state fluorescence yield (Fs) were measured after the leaf was adapted to actinic light [800 μmol(photon) m -2 s -1 ] for 15 min. The Chl fluorescence parameters were calculated according to Van Kooten and Snel (1990) , as follows: photochemical efficiency of PSII, Fv/Fm = (Fm − F0)/Fm, effective quantum yield of PSII photo-chemistry, ΦPSII = (Fm' − Fs)/Fm', photochemical quenching coefficient, qP = (Fm' -Fs)/(Fm' -F0'), and nonphotochemical quenching, NPQ = (Fm -Fm')/Fm'.
Pigment extraction and quantification:
Chl content was measured according to Lichtenthaler (1987) . Fresh leaf material (0.2 g) from a fully expanded leaf, excluding main veins, was cut into small pieces with scissors. The leaf pieces were immersed in alcohol (96%, v/v) and kept at 4°C and in the dark until the leaf color became white. The absorbance of the extract was determined at 649 and 665 nm using a UV-spectrophotometer (Hitachi UV-1800, Kyoto, Japan). The contents of Chl a, Chl b, and Chl (a+b) [mg g -1 (FM)] were calculated using the following equations:
where Aλ is the absorbance at the specific wavelength, V is the volume of the extraction liquid, and M is the mass of the sample.
Malondialdehyde content (MDA) and enzyme activity assays:
The leaves used for MDA and enzyme activity assays were the same as those used to measure gasexchange and Chl fluorescence parameters. The leaves were harvested, frozen in liquid nitrogen, and then stored at −80°C until analysis.
The MDA was determined according to Zhang et al. (2007) . Leaf tissue (0.5 g) was homogenized in 5 ml of trichloroacetic acid (5%, v/v) and centrifuged at 5,000 × g for 20 min at 4°C. The supernatant (1.5 mL) was mixed with 2.5 mL of 5% trichloroacetic acid containing 0.5% 2-thiobarbituric acid, and the mixture was heated at 100°C for 15 min. The reaction mixture was cooled to room temperature and then centrifuged at 5,000 × g for 10 min. The absorbance of the supernatant was determined at 532 and 600 nm with a UV-spectrophotometer (Hitachi UV-1800, Kyoto, Japan).
For enzyme activity assays, leaf samples (0.5 g) were ground with a mortar and pestle in 5 mL of phosphate buffer (0.05 mM, pH 7.5) containing 0.05 mM EDTA and 2% (w/v) insoluble polyvinyl pyrrolidone. The homogenate was centrifuged at 1,000 × g for 20 min at 4°C. The supernatant was used to measure enzyme activities.
The SOD (EC 1.15.1.1) activity was measured following the method of Yin et al. (2009) . The 3-mL reaction mixture contained 130 mM methionine (Met), 75 μM nitroblue tetrazolium chloride (NBT), 2.0 μM riboflavin, 50 mM phosphate buffer (pH 7.8), and 0.1 ml of enzyme extract. The reaction mixture was exposed to light [600 μmol(photon) m -2 s -1 ] for 20 min. The control was kept in the dark. The photoreduction of NBT was monitored by measuring absorbance at 560 nm. One unit of SOD was defined as the amount that inhibited the photoreduction NBT by 50% under these conditions. Activity is expressed as units per gram fresh mass.
The POD (EC 1.11.1.7) activity was measured as described by Fielding and Hall (1978) . The reaction mixture (3 mL) contained 100 mM phosphate buffer (pH 6.0), 0.25% (v/v) guaiacol, 3 mmol L -1 hydrogen peroxide, and 0.1 mL of enzyme extract. The change in absorbance at 470 nm was recorded at 1-min intervals for 3 min. The activity of POD was calculated using the extinction coefficient of 26.6 mM -1 cm -1 and expressed as μmol g -1 (FM) min -1 .
The CAT (EC 1.11.1.6) activity was measured as described by Yordanova et al. (2004) . The reaction mixture (3 mL) contained 100 mM potassium phosphate buffer (pH 7.0), 10 mM H2O2, and 0.1 mL of enzyme extract. Changes in absorbance at 240 nm were recorded at 1-min intervals for 3 min. The activity of CAT was calculated using the extinction coefficient of 39.4 mM -1 cm -1 and expressed as μmol g -1 (FM) min -1 .
Chloroplast morphology and ultrastructure: The leaves used to measure gas exchange and Chl fluorescence parameters in each treatment were selected to observe chloroplast ultrastructure. Using a sharp blade, a piece (1 × 2 mm) was cut from the middle of each leaf, avoiding a central vein. The leaf piece was immersed in phosphate buffer (PBS, 0.1 mol L -1 , pH 6.8), containing 2% paraformaldehyde and 2.5% glutaraldehyde (v/v). The sample was degassed to allow the buffer to infiltrate into the gaps between cells. Each fixed sample was rinsed three times with PBS, and then post-fixed with osmic acid (1%) for 2 h. Then the sample was dehydrated in an ethanol series (50, 70, 80, 90, and 100%) . Finally, the sample was washed with a tert-butanol and ethanol mixture (1:1, v/v) for 15 min and then embedded in Epon 812 resin (Shell Chemical Co., New York, USA). Sections were cut with an LKB-V ultramicrotome (LKB, Bromma, Sweden) and then stained with uranium acetate-lead citrate. Samples were observed under a transmission electron microscope (HT7700, Hitachi, Japan) at different magnifications at 100 kV.
Grain yield: After the seeds ripened, the number of panicles was counted. Ten panicles were harvested from every treatment to measure the numbers of grains per panicle and the 1,000-grain mass.
Statistical analyses:
Data were analyzed by one-way analysis of variance (ANOVA) and Duncan's multiple range test using SPSS 18.0 software (SPSS Inc., Chicago, USA). Results are expressed as means ± standard deviation (SD). Plotting was performed using Origin 8.0 software (OriginLab, Massachusetts, USA).
Results
Yield: The yields of both sorghum cultivars decreased after being subjected to a 12-d waterlogging treatment at the fiveleaf stage. Compared to JN01, JZ31 was more sensitive to waterlogging. Compared with CK, JZ31 and JN01 showed 72.3 and 52.9% decrease in yield, respectively. Waterlogging also affected yield components. The number of grains per panicle was most sensitive to waterlogging, showing 62.7 and 60.0% decrease in JZ31 and JN01, respectively, compared with CK. The 1,000-grain mass also differed between the two cultivars. The 1,000-grain mass declined by 25.7% in JZ31 compared with CK, but that of JN01 was 1.2-fold that of CK. The number of panicles did not differ significantly between the two cultivars or between the waterlogging treatment and CK (Table 1) .
Gas-exchange parameters:
As shown in Fig. 1A , the PN declined rapidly in both cultivars during the waterlogging treatment, as compared with the CK, and declined to a greater extent in JZ31 than that in JN01. At the end of the waterlogging treatment, the PN decreased by 61.8 and 39.0% in JZ31 and JN01, respectively, compared with CK. The changes in E and gs showed similar trends. Both of these parameters decreased in both cultivars during the waterlogging treatment. The E and gs decreased more rapidly in JZ31 than that in JN01. At 12 d, the E and gs were reduced by 38.8 and 64.7%, respectively, in JZ31, and by 26.7 and 39.3%, respectively, in JN01 (Fig. 1B,C) . The Ci first decreased and then increased in both cultivars. At 12 d, the Ci in JZ31 and JN01 was 1.24-and 1.16-fold of that in CK, respectively (Fig. 1D ).
Chl content:
In both cultivars, the Chl content was significantly reduced by the waterlogging treatment, and showed the lowest values at 12 d of the waterlogging treatment. Compared with CK, JZ31 showed 11.2, 43.8, 55.4, and 60.8% decreases in Chl content at 3, 6, 9, and 12 d of the waterlogging treatment, respectively. Compared with CK, JN01 showed 9.5, 20.9, 34.1, and 41.3% decreases in Chl content at 3, 6, 9, and 12 d, respectively (Fig. 2) .
Chl fluorescence parameters were significantly affected by waterlogging in both cultivars. The lowest values for Fv/Fm, ФPSII, and qP were on 12 d of the waterlogging treatment. The Fv/Fm, ФPSII, and qP decreased gradually in both cultivars. After 12-d waterlogging, the Fv/Fm, ФPSII, and qP were lowered by 23.6, 44.1, and 38.1%, respectively, in JZ31, and by 13.9, 24.0, and 19.7%, respectively, in JN01, compared with CK ( Fig. 3A-C) . At 3, 6, 9, and 12 d of the waterlogging treatment, the NPQ in JN01 was 1.09-, 1.19-, 1.39-, and 1.19-fold that in CK, respectively. In JZ31, the NPQ was higher than that in CK only at 9 and 12 d of the waterlogging treatment (1.15-and 1.12-fold of that in CK, respectively) ( Fig. 3D ).
Chloroplast ultrastructure:
The results of ultrastructure analyses of chloroplasts in sorghum leaves under waterlogging and in CK are shown in Fig. 4 and Table 2 . The CK of both cultivars had chloroplasts with normal structures. The chloroplasts were oval with a clear boundary, of typical thylakoid organization with integrated grana and stroma lamellae, the lamellae were folded in an orderly manner, and the grana and stroma lamellae were enclosed by an external envelope with a clearly visible and integrated double membrane ( Fig. 4A -C,J-L). After waterlogging stress, the chloroplasts showed changes in their external morphology and internal structure, and these changes differed significantly between the two cultivars. After waterlogging for 6 d, the chloroplasts in JZ31 were swollen and spherical, the boundary, external capsule, and grana lamellae were fuzzy and disordered, and the plastoglobuli were more abundant and larger. At the same time point, the chloroplasts in JN01 showed few changes. The chloroplasts were still oval, had clearly defined boundaries and organized thylakoids and grana lamellae, and the chloroplast structure was integrated with lamellae arranged in an orderly manner ( Fig. 4D-F,M-O) . After waterlogging for 12 d, the external membrane structure and grana lamellae were degraded in chloroplasts of JZ31, and the internal spaces of the chloroplasts were filled with plastoglobuli. At the same time point, the chloroplasts in JN01 were round and the lamellae were loosely arranged ( Fig. 4G-I,P-R) .
To quantify the changes in chloroplasts under waterlogging, we evaluated the number and shape of chloroplasts in both cultivars. At 6 and 12 d of the waterlogging treatment, the numbers of chloroplast decreased by 45.5 and 60.6%, respectively, in JN01, and by 50.0 and 70.0%, respectively, in JZ31, compared with CK. In JN01, the length-to-width ratio of chloroplasts was significantly lowered by 23.1 and 55.2% at 6 and 12 d of the waterlogging treatment, respectively, compared with CK. In JZ31, the length-to-width ratio of chloroplasts was decreased by 51.9 and 63.0% at 6 and 12 d of the waterlogging treatment, respectively, compared with CK. At the end of the waterlogging treatment, the size of chloroplasts was reduced by 40.8% in JN01 and by 58.2% in JZ31, and the cell area occupied by chloroplasts decreased by 60.6% in JN01, and by 81.2% in JZ31, compared with CK (Table 2) .
MDA and antioxidant enzyme activity:
The MDA content in the sorghum leaves increased during the waterlogging treatment. The MDA in leaves of JZ31 was 1.36-, 2.28-, 2.72-, and 2.45-fold that in CK at 3, 6, 9, and 12 d, respectively. The MDA in leaves of JN01 was 1.71-, 1.98-, 1.82-, and 1.80-fold that in CK at 3, 6, 9, and 12 d, respectively (Fig. 5A) . In the absence of waterlogging stress, the activity of ROS-scavenging enzymes was low. However, their activities changed significantly under waterlogging stress. The SOD activity increased in both cultivars under waterlogging stress. The SOD activity in leaves of JN01 was 1.40-, 1.51-, 1.46-, and 1.38-fold that in CK at 3, 6, 9, and 12 d, respectively, while that in leaves of JZ31 was 1.18-, 1.29-, 1.47-, and 1.50-fold that in CK at 3, 6, 9, and 12 d, respectively (Fig. 5B ). The POD activity was greater in JN01 than that in JZ31. It increased by 3 d of the waterlogging treatment, peaked at 9 d (at 2.14fold that in CK), and then decreased by 12 d. The POD activity in JZ31 was lower than that in CK except at 6 d of the waterlogging treatment (Fig. 5C ). The CAT activity differed significantly between the two cultivars and was higher in JN01 than that in JZ31. The CAT activity in JN01 was 1.89-, 2.19-, 1.21-, and 1.43-fold that in CK at 3, 6, 9, and 12 d, respectively, while that in JZ31 was 0.98-, 1.58-, 1.08-, and 1.36-fold that in CK 3, 6, 9, and 12 d of the waterlogging treatment, respectively (Fig. 5D ).
Discussion
The effects of waterlogging on plant growth and development have attracted much attention, especially in the context of global climate change (Du et al. 2016 , Wang et al. 2017 , Xu et al. 2018 . Waterlogging usually causes plant leaves to wilt and develop chlorosis (Arbona et al. 2010) . The decreased Chl content results in a decrease in PN, which ultimately decreases yield. In the present study, both cultivars showed significant yield reductions in response to the waterlogging, but the yield loss was greater in JZ31 than that in JN01 (Table 1 ). The significant decrease in the grain yield resulted from a reduction in the number of grains per panicle, indicating that waterlogging affected panicle differentiation and the seed-setting rate. Consistent with this result, Ren et al. (2016) reported that waterlogging damaged maize endosperm cell proliferation and reduced the number of grains per ear, resulting in a significant reduction in grain yield. The effects of waterlogging on 1,000-grain mass differed between the two cultivars. The 1,000-grain mass increased in JN01, but decreased in JZ31. Abiotic stresses usually restrain the crop growth and decrease grain yield, however, there are some compensating effects in some crops, and the effects vary in cultivars (Wang et al. 2014) . The 1,000-grain mass elevated in JN01 might be a compensation for the reduction in the number of grains per panicle. Crop yield represents the accumulation of photosynthetic products, but photosynthesis is sensitive to waterlogging stress (Ashraf and Harris 2013) . Stomatal closure is one of the earliest responses to waterlogging stress (Ahmed et al. 2002) . This prevents CO2 from entering the leaf and results in a reduction in photosynthetic carbon assimilation. In this study, the PN, gs, and E decreased at the beginning of the waterlogging treatment (Fig. 1) . The decrease in gs and E suggested that the channel for water and CO2 exchange was restricted, at the same time, the Ci also decreased, indicating that stomatal factors were mainly responsible for the decrease in photosynthesis at the early stage of waterlogging. Consistent with this result, Zheng et al. (2009) found that the decreased PN in wheat at the early stage of waterlogging stress was associated with stomatal closure. During the waterlogging treatment, the Ci increased at 6 d in JZ31 and at 9 d in JN01. According to Xu (1997) , when the gs decreases and the Ci increases, the PN decreases due to nonstomatal factors. Therefore, this result demonstrated that nonstomatal factors mainly inhibited photosynthesis in sorghum at the later stages of waterlogging. At the same time, Fv/Fm, ФPSII, and qP decreased significantly, suggesting that some malfunctions in the electron transport capacity of PSII led to the reduction in photosynthetic capacity. Compared with JZ31, JN01 showed higher Fv/Fm, ФPSII, qP, and Chl content, and a more rapid increase in NPQ. These results indicated that the lower degree of injury in the insensitive cultivar was due to greater protection of PSII under waterlogging stress. Luan et al. (2018) reported similar results for barley. We observed that the chloroplast membrane dissolved and the boundary of the basal layer became indistinct in leaves of sorghum under waterlogging stress (Fig. 4) . However, the chloroplast structure remained more stable in JN01 than that in JZ31. Even though the grana lamellae were occasionally visible in JN01, they were almost fully degraded in JZ31 at the end of the waterlogging treatment. These observations indicated that the chloroplast structure was less damaged, and remained more stable, in JN01 than in JZ31. Previous studies have shown that most of the damage to chloroplast structure is caused by reactive oxygen species (ROS) (Ren et al. 2016 , Ma et al. 2017 , Zhou et al. 2018 . Nevertheless, chloroplasts can be a major source of ROS (Maruta et al. 2012) . Waterlogging can trigger excessive accumulation of photosynthetic energy, resulting in electron leakage from the photosynthetic electron transport chain. These leaked electrons can combine with redundant O2 to produce superoxide anions (O2 •-), which give rise to hydroxyl radicals (OH • ) and hydrogen peroxide (H2O2) (Zheng et al. 2017) . The membrane structure can be damaged by ROS that accumulate under waterlogging (Ren et al. 2016) . Yordanova et al. (2004) suggested that high antioxidant enzyme activity could improve plant waterlogging tolerance. We found that the activities of antioxidant enzymes increased under waterlogging, and increased more in the tolerant cultivar JN01 than in the sensitive cultivar, JZ31. In both cultivars, SOD activity increased at 3 d of waterlogging and remained high throughout the treatment. The activities of POD and CAT changed differently in the two cultivars under waterlogging. The CAT and POD activities were higher in JN01 than that in JZ31. Because POD and CAT can efficiently scavenge H2O2, they could be the key antioxidant enzymes in JN01 to protect the chloroplast against damage from excess ROS under waterlogging stress.
In summary, waterlogging reduced the PN and damaged chloroplast structure in sorghum leaves, resulting in decreased yields in both waterlogging-tolerant and waterlogging-sensitive cultivar. Compared to the sensitive cultivar JZ31, the tolerant cultivar JN01 retained a more stable chloroplast structure and suffered less damage under waterlogging. The high NPQ and increased activities of antioxidant enzymes (POD and CAT) were important factors in protecting the chloroplast structure and maintaining higher PN in the waterlogging-tolerant cultivar. These results provide details of the waterlogging resistance mechanisms of sorghum and provide a reference for the breeding of waterlogging-resistant sorghum varieties.
